Analysis and modelling of tsunami-induced
the cities of Arequipa in Peru and Arica in Chile. The two last megathrust earthquakes in this region, with magnitudes close to 9, occurred more than 130 yr ago: in 1868 in southern Peru (Dorbath et al. 1990; Comte & Pardo 1991) , stopping close to Arica to the south. The other occurred in 1877 in northern Chile, breaking a 600 km stretch of the subduction zone between Arica and Antofagasta. GPS data by (Angermann et al. 1999; Chlieh et al. 2004) show strong interplate coupling in this gap so that we may infer that the 7 cm yr −1 convergence rate between the Nazca and the South america plate is stored elastically since the nineteenth century megathrusts, leading to a potential of about 10 m slip for the next large event. Such an event would reach a magnitude between 8.0 and 9.0.
The threat of such an event in northern Chile and the need to better monitor and understand the seismic and strain activity of the region before the expected megathrust rupture lead to the International Plate Boundary Observatory (IPOC) project. It started in 2005, with the installation of a backbone array of observations sites, from Antofagasta to Arica, with broadband seismometers, continuous GPS and tiltmeters, completing the tidal gauge network of SHOA (Servicio Hidrografico Oceanografico de la Armada).
The southern part of this gap was struck in 2007 by the M = 7.7 Tocopilla, interplate thrust earthquake. This event did not relieve much of the accumulated elastic strain, due to its confinement in the deepest part of the interplate interface (Peyrat et al. 2010) . It produced some small tsunami waves of few tens of centimetres, which were recorded by the tide gauges of Arica, Iquique and Antofagasta.
The 2010 Maule tsunami produced large waves at these sites of the order of 50 cm to 1 m. For both events, a careful processing and analysis of the long-base tiltmeters (LBTs) and the STS2 seismometer records of IPOC revealed horizontal long-period signals, lasting several days after the events, which could be unambiguously correlated with the tide gauge records and the tsunamis waves. Observations of tsunami effect on horizontal broadband seismometers records were already reported in the Indian Ocean and in Japan for the 2004 Sumatra tsunami (Yuan et al. 2005; Nawa et al. 2007 ); for submarine landslide in the Fram Strait (Berndt et al. 2009 ) and for the 2003 large landslide on the Stromboli volcano (Pino et al. 2004) . However, no quantitative modelling of these effects has been attempted, and, in particular, the contributions on tilt, by the classical surface loading effect for an elastic body, and of the direct gravitational perturbation by the water mass were not estimated. Whatever the details of the mechanism, tilt records provide, of way of weighting the excess or deficiency of oceanic water mass, which produces spatially smoothed and non-local information which is possibly different from that of the local sea level monitored by tide gauges, as pointed out by (Bernard et al. 2004) . Note that the tilt (Blum & Hatzfeld 1970) induced by sea level change was reported long ago at tidal periods, with tiltmeters and GPS (Vergnolle et al. 2008; Williams & Penna 2011) , and has recently been used in a quantitative way at a large scale to constrain the density and elastic constants of the Earth (Ito & Simons 2011) .
The aim of the present study is to demonstrate the feasibility of quantitatively modelling the near-coastal tilt signals due to the first waves of a tsunami, using records of the 2007 and 2010 Chilean tsunamis. We also want to assess the potential use of near-coast tiltmeters and broadband seismometers for the detection the incoming tsunamis.
In the following, we first present the observational evidence of tsunami-induced tilt for the 2007 and 2010 events. For the 2010 Maule earthquake, we then define and quantify the physical processes contributing to this effect, using a tsunami model. We calculate the induced tilt and acceleration signals at the broadband seismometer and LBTs and compare them to the observations. Finally, we analyse the starting phase of the tsunami-induced signal, which we compare to the tide gauge records to determine their relative arrival times: we do this for the 2010 Maule records, and for synthetic records of a simulated megathrust event in southern Peru.
I P O C S I T E S A N D R E C O R D I N G C H A R A C T E R I S T I C S O F S E I S M I C , T I LT A N D S E A -T I D E S E N S O R S
In the frame of the IPOC program (Integrated Plate boundary Observatory Chile, http://www.ipoc-network.org), an observatory was installed in northern Chile to study the 600-km long seismic gap between Antofagasta and Arica. The partners of this project are IPGP, GFZ-Potsdam, CNRS-INSU and the University of Chile. Fourteen multiparameter stations were installed, each station having a broadband seismometer, accelerometer, GPS antenna and four of them had a short-base tiltmeter (pendulum). In addition, two sites near Iquique were equipped with long baseline, hydrostatic tiltmeters (LBTs). In the present study, we use the seismic stations close to the sea and the two LBTs (see Fig. 1 and Table 1 ). Distances from the station to the seashore vary from 2.8 km (PAT) and 2.1 km (PB10) for the closest site, to 28 km (HMB) for the farthest. Station LVC, from the GEOFON array, at 150 km from the coast, is also considered for reference. The two LBT sites (Neuquen and Santa Rosa) are 7 and 10 km away from the coastline, respectively.
The long-base hydrostatic tiltmeters were installed to continuously monitor the interseismic low-frequency strain or tilt signals, with a resolution better than the GPS. Indeed, when properly installed at an adequate underground site, long-base titmeters can achieve a very high long-term stability (tilt drift possibly smaller than 10 −7 rad yr −1 ) and a short-term high-resolution equivalent to 10 −9 rad (Kostoglodov et al. 2002; d'Oreye & Zürn 2005; Boudin et al. 2008 ). Short-base tiltmeters and borehole tiltmeters do not usually reach a long-term stability better than 1 µrad yr −1 . Our LBT sensors in northern Chile work with water tubes according to the standard hydrostatic levelling system (Boudin et al. 2008) . When the baseline tilts, the liquid moves from one vessel to another to allow the levelling between the two vessels. They are installed underground in horizontal tunnels of two old mines, providing stable bedrock for a proper coupling at both ends of the instruments, as well as good thermal insulation (Fig. 2) . The Neuquen and Santa Rosa tiltmeters were installed in 2007 and 2009 at depths of 30 and 150 m below the surface and their lengths are 38 and 51 m, respectively. The tilt signal is recorded on a 18 bits DataTaker logger dt80 at the sampling rate of 1/30 s. Note that the long water tube has a physical low pass, filtering effect at 3 min period (5 mHz), due to water viscosity (Boudin et al. 2008) .
The STS2 seismometers from IPOC are also located underground, but much closer to the surface, at 2 or 3 m depth inside small tunnels which were excavated in the bedrock for this purpose. This shallow depth proved to be sufficient to detect tsunami tilt because of the shorter period of tsunami waves (hour) with respect to the dominant diurnal signals of thermal stresses. The seismic signal is recorded on a 26 bits Quanterra logger, and we use the 1 Hz sampling rate channel (LH). The tide gauges of Iquique, Antofagasta and Arica, all located in the sheltered water of the main harbours, have a sampling rate of 2 min and a resolution of a few millimetres (more information can be found at http://www.iocsealevelmonitoring.org/). 
F I R S T O B S E RVAT I O N O F T I LT I N D U C E D B Y T H E 2 0 0 7 T O C O P I L L A T S U N A M I
The M = 7.7 Tocopilla earthquake occurred on 2007 November 14 at 15:40:50 UTC. From IPOC seismic records, the hypocentre was located at 69.869
• W and 22.204
• S and 40 km depth (Delouis et al. 2009; Peyrat et al. 2010) . The 200 km north from the epicentre, about 1 hr later, the records of the LBT at Neuquen showed the beginning of clear oscillations (Fig. 3) , very similar to the longperiod signals (T > 1000 s) of the nearby tide gauge of Iquique, but also with some delay of Antofagasta and Arica. The seismic signal of the main shocks is clearly seen on the STS2 unfiltered records of Fig. 3 .
We interpret this tilt signal as the load and gravity effect of the tsunamis waves passing near Neuquen. On the closest tide gauge, at Iquique, the first tsunami waves had an amplitude of about 10 cm, and the following oscillations have a characteristic period of 43 min which persists during more than 1 d.
A spectral analysis of six records (tilt of LBT, tilt of two STS2 and three tide gauges), for a duration of 32 hr, is presented in Fig. 4(a) , showing at all sites of the large peak at 43 min eigenperiod. At smaller periods, between 5 and 20 min, the spectrum at the Iquique tidal gauge shows more energy than at the LBT station, most probably due to local resonances in the harbour (Sahal et al. 2009 ), which cannot be detected at LBT because of the averaging effect of distance for small-scale loading sources with zero mean value. Between 5 and 35 min, the spectral noise at the STS2s station is higher than at the LBT station, due to the high amplitude of lowfrequency local atmospheric pressure effect. These effects do not appear on the Neuquen site because the large dimension of the LBT reduces the local atmospheric pressure effects. The clear spectral record of the tsunami signal on the tiltmeter (Fig. 4a) can also be observed as a 10 nrad (1 nrad = 10 −9 radians) oscillation on the bandpass filtered signal between 800 s and 3 hr presented in Fig. 5 . We used a Butterworth filter of order 2 (zero-phase acausal). This is a zero-phase forward and reverse digital filter. The tsunami signal is more difficult to detect on the PAT and PSG STS2 sites due to low-frequency noise. We propose that this 43 min resonance is due to shallow water gravity waves trapped between the coast and the trench. Due the increase of tsunami velocity with the water depth h (as h 1/2 ), the shallow depth coastal band acts as a low-velocity zone for the tsunami wave, trapping the energy away from the deep, highvelocity oceanic layer located more to the west beyond the trench. This effect is stronger for waves which are generated close to the coast and whose take-off angle from the coast is small. This is very similar, in the case of an elastic solid body, to surface waves generated by sources within the low-velocity layer. The existence of this resonance at Iquique is clearly observed outside the time windows of the studied tsunamis, as evidenced in Fig. 4(b) where we analyse the record of the month of February, just before the Maule earthquake. Note that from the tsunami records, this resonant period is surprisingly stable over the 600 km of monitored coastline, which can be explained by the similarity of the bathymetric profile. This is consistent with a detailed analysis of such resonances effects on tide gages presented by (Yamazaki & Cheung 2011) for the Maule Earthquake: they observed resonance peaks between 35 and 129 min and also showed that the resonances are largely independent of the tsunami source.
On the bandpass filtered tilt record of Fig. 5(b) , 20 min after the first arrival of the seismic signals, at a time when the seismic coda is significantly reduced, a clear positive pulse of several tens of minute duration is observed in coincidence with the first tsunami wave detected at Iquique. We thus suggest that this 10 nrad signal is indeed the tilt response to the first tsunami wave. As the tsunami waves propagate towards the north, the location of the Neuquen station 7 km to the north of Iquique (Fig. 2) as well as its maximal tilt sensitivity to water loading masses located to the NW (N301
• E tilt) both imply a later arrival of the tsunami signal at Neuquen with respect to Iquique, consistent with the detected delay of about 3 min.
Finally, we infer from the above observations that for the Tocopilla earthquake, a tiltmeter station closer to the epicentral region (say at 100 km instead of 200 km) may not have shown a detectable tsunami-induced tilt signal, because this signal would have been buried in a much earlier and stronger seismic coda due to the shorter propagation time of the tsunami (20 min instead of 40 min).
T I LT M E T E R A N D S T S 2 R E C O R D S O F T H E 2 0 1 0 M AU L E T S U N A M I

Observation on the LBTs
The M = 8.8 Maule earthquake occurred at 6h34m14.5s UTC on 2010 February 27 and was located at 72.898
• W and 36.122
• S (Vigny et al. 2011) . The sea level rose several metres in the epicentral area (Fritz et al. 2011) , reaching 4 m in Valparaiso, 50 km north from the northern end of the rupture. In northern Chile, at more than 1800 km from the epicentre, the tide gauges of Antofagasta, Iquique and Arica operated by SHOA recorded a 0.5-2-m sea level change (see records at Iquique in Fig. 6c ).
The signal to noise ratio of the tsunami records appeared to be larger than for the Tocopilla event, which motivated our attempt for a quantitative modelling. The sea level variation at Iquique was indeed about 2.5 times larger for this tsunami than for the 2007 Tocopilla event. Furthermore, the first tsunami wave for Maule arrived 2.5 hr after the start of the seismic event, and therefore after the high noise time window of the large-amplitude, long-period seismic waves.
We present the tilt records of the two LBTs of Neuquen and Santa Rosa stations in Figs 6(a) and (b), along with the Iquique tide gauge record (Fig. 6c) . The tilt, sampled at 1/30 s, is filtered with a moving average of six points, and the tide gauge, sampled at 1/60 s, is filtered on three points, to have an equivalent filter. The first tsunami wave and the corresponding tilt on both instruments clearly appear at around 8:50, followed by a persistent oscillation, on the three records, related to a resonance effect, similar to that observed for the Tocopilla event. There is, however, a clear difference between the sea level and the tilt records in terms of frequency content of these oscillations, which will be discussed later.
We note from Fig. 6 and from the zoom in Fig. 7 that the LBT Neuquen and Santa Rosa tilt records are very well correlated in phase and amplitude. This is due to the similar azimuth of tilt measurement, respectively, 301
• E and 330
• E, and to the small intersite distance of 14 km in comparison to the tsunami wavelengths. Fig. 7 also shows a striking similarity in phase between the tilt and the tidal records, at the lowest frequencies. In Fig. 7 (top), the tilt records are dominated by the long-period resonance of the sea level between 40 and 60 min. They do not show as much high frequencies as in the tide gauge records in Fig. 7 (bottom). This is due to the averaging effect, over tens of kilometres, of the distributed sources of load, smoothing out the effect of small-scale sea level fluctuations.
Observation on broadband seismometer STS2
The apparent horizontal acceleration due to the horizontal component of gravity g can be clearly recorded on broadband seismometers, such as STS2 or STS1 (Yuan et al. 2005; Nawa et al. 2007 ). The tilt is related to the apparent horizontal acceleration a in the same direction by
where
The frequency band of interest for the Maule tsunami (around 1 hr period) is lower than the lowest corner frequency of the transfer function (120 s period for an STS2). Thus, there is a strong phase shift as well as amplitude reduction (90 per cent) of the ground acceleration, which must be deconvolved by the transfer function.
We present in Fig. 8 , the broadband horizontal accelerations at the HMB station, close to the tiltmeters (22.5 km) and to the Iquique tide gauge (28 km). We know that the mean gravity near the IPOC network is g = 9.787 m s −2 (S. Bonvalot, personal communication). The acceleration is expressed in terms of tilt, 1 µrad corresponding to 9.787 µm s −2 , from (1). The records in Figs 8(c), (d) and (e) are bandpass filtered with a Butterworth filter of order (zero-phase acausal) 2 between 800 s (1.25 mHz) and 3 hr, showing a clear longperiod signal on both NS and EW components, very similar to the sea level record at Iquique; the discrepancies at smaller periods between sea level and tilt records will be discussed later.
M O D E L L I N G O F T H E 2 0 1 0 M AU L E T S U N A M I I N N O RT H E R N C H I L E
Because the tsunami-induced tilt signal depends on load sources (sea level) distributed over a large area, it cannot be expected to be exactly in phase with the local tide gauge record. The joint interpretation of the tidal and the tilt signals related to the tsunami wave is thus not straightforward, and requires, as a first step, an adequate modelling of the tsunami wave. The oceanic gravity wave propagation is modelled by using a finite-difference numerical scheme (Hébert et al. 2001) , which solves the shallow water equations in the long-wave approximation. The speed of the tsunami can be approximated by the relation c = (gh) 1 2 . The computation was performed using the high-resolution bathymetric grid GEBCO (IOC et al. 2003 ) (grid size 30 , approximately 900 m), between Lat. 17
• S and 26
• S and Lon. 70
• W and 78
• W (or approximately 1000 × 800 km). The seismic source parameters of the Maule event are taken from the inversion results of Delouis et al. (2010) to generate the initial water height distribution of the tsunami. We use a sampling rate of 1 min to be consistent with the LBT records and the tide gauges of Arica, Iquique and Antofagasta. A snapshot of the sea level at three different times during the course of the tsunami propagation is plotted in Fig. 9 . We compare the predictions of this tsunami model with the observations of the three tide gauges. In the modelling, the tide gauges are located close the shore line, within the resolution of the grid (about 600 m offshore). The predicted sea level at the three sites shows a very good fit to the data, in amplitude and phase, particularly for the first hours (10 per cent error misfit in amplitude and 1-2 min error in delay), as shown in Figs 10 and 11. We checked that the sea level prediction is correct for all the tidal gauges from Valparaiso to Arica. Note that we made no a posteriori adjustments of the model, neither of the seismic source location and timing, nor of the bathymetry. A good fit to the coastal records proves that the bathymetry that we used was correct, and insures a correct prediction of the near-coastal sea level change which will dominate the tilt. Note that the closest offshore tide gage (DART), located 500 km to the west at the latitude of Arica (see Fig. 1 ), will be of great importance for constraining these models for future large tsunamis.
M O D E L L I N G O F T H E D I S P L A C E M E N T, T I LT A N D G R AV I T Y E F F E C T F RO M T H E O C E A N I C L OA D
The next step is to calculate the effects of the tsunami load on displacement, tilt and gravity change at various on-land recording sites (STS2 and LBTs). The numerical modelling of the tsunami produces a map of sea level change every minute. We consider three main effects of the sea level perturbation on the horizontal acceleration (apparent tilt): (1) an elastic tilt due to the load; (2) a gravitational attraction by the mass of water; (3) horizontal acceleration due to elastic displacement of the site. Note that these signals are not separable in the tilt record.
Considering first the elastic tilt for each sea level map, we computed the static strain produced by this surface pressure following an adaptation of the Boussinesq problem (point source at the surface of an elastic half space) for a more realistic earth structure (Farrell 1972; Pagiatakis 1990) . For this, we consider the Green functions for a spherical, radially stratified earth model, provided by Pagiatakis (1990) . The Green's functions depend only on the angular distance between the vertical point force load and the station, and are calculated using tabulated load Love numbers. The resultant tilt (Fig. 11a) due to a set of n pressure loads due to masses M i (i = 1, n) applied to the n element of the grid is
where Ct i (r i ) are the Green's functions and r i is the angular distance between the tilt measurement site and the load point. Similar expressions hold for the vertical and horizontal displacement at the sites:
and
where Cv i (r) and Ch i (r) are the Green's functions for the vertical and horizontal displacement, respectively (Pagiatakis 1990 ). These displacements, for the period T of the tsunami, produce vertical and horizontal inertial accelerations equal to −(2 π /T) 2 dispV and to −(2 π /T) 2 dispH, respectively. The horizontal inertial acceleration remains small with respect to the gravitational attraction, and can thus be neglected. In Appendix A, we show that the inertial horizontal acceleration is approximately 1000 times weaker than the acceleration produced by the load effect.
The excess of water mass near the ocean surface at each grid point, M i , leads to a perturbation of the gravity which is equivalent to a horizontal acceleration (Fig. 11a) . The latter can be written according to Newton's law:
where G is the universal gravity constant, r i the distance between the station and ϕ is the declination. Nearly 20 broadband stations of the IPOC network between Arica and Antofagasta were available. However, not all were used in the present study, due to the rapid decay of the tilt with distance. This decay is illustrated in Fig. 11(b) where we plot the synthetic tilts calculated at increasing distances d c from the coast. Interestingly, the installation of a few of the IPOC STS2 sites very close to the coast was precisely aimed at a better detection of tsunamis.
C O M PA R I S O N O F T I LT DATA A N D M O D E L F O R T H E 2 0 1 0 M AU L E T S U N A M I
We modelled the records of 10 broadband stations in addition to those of the LBTs. We applied a zero-phase acausal bandpass filter between 800 s (1.25 mHz) and 3 hr, on all the data, to remove the seismic waves which mask the early phase of the tsunami. Synthetics were also filtered in the same way.
We first present the result for the Neuquen and Santa Rosa LBTs stations, 7 and 9 km from the coastline, respectively (see Fig. 1 ). As shown in Fig. 12 , the synthetic tsunami-induced tilt (dotted, red curves) has a very small amplitude, 45 nrad peak-to-peak at Neuquen and 35 nrad at Santa Rosa (equivalent to a relative vertical displacement of about 0.4 mm on a base of 10 km). These synthetics are very similar to the recorded signals (black, solid curve in Fig. 12 ) with less than 10 per cent misfit in amplitude and phase for the first two or three oscillations. Larger differences in phase appear after a few hours, due to difficulties in accurately modelling the resonance effects between the coast and the trench, but the spectral amplitude and the dominant period remain correctly modelled.
The results for the IPOC STS2 stations are presented in Figs acceleration records. The fit is particularly good for both EW and NS components at stations PSG, HMB, PB05 and PB07, which are not too close to the coast (between 7 and 20 km). The maximum relative errors of about 10 per cent are similar to those obtained on the LBTs. Larger misfits can appear for the stations closest to the coast (1-3 km), such as PAT (Fig. 13) and PB10 (Fig. 14) , with a difference in the first wave amplitude which can reach 50 per cent, or with phase shifts affecting only one component (e.g. NS component of PAT).
For PAT, the modelling of the EW component of the first wave is in good agreement with the observation, while that of the NS component is delayed by about 20 min with respect to the observation. This station, which is very close to the coast, is expected to be sensitive to very local variations of water level, which may not be properly modelled with our coarse bathymetric grid. More specifically, the late arrival of the NS tilt in the model can be explained by a late modelling of the sea level rise near the shore line just south of PAT (which controls the early NS tilt), associated with a correct modelling of the offshore propagation (which controls the early EW tilt). This is well illustrated in Fig. 15(a) , at a time where the modelled tsunami has reached the latitude of PAT far offshore, but has not yet reached the shallow waters south of PAT, close to the coast, due to the strong reduction in the velocity of the gravity waves. A refined, improved bathymetry-and possibly source model-is therefore requested for a better modelling of these very local effects.
More to the south, the PB10 station is very close to the Antofagasta bay and detects a strong resonance at about 43.4 min period (Figs 14g and h ). This period is very similar to that recorded during the 2007 Tocopilla Event, 50 km to the north of Antofagasta. The tilt measurement can thus provide accurate information on the tsunami wave resonance along the coast (Yamazaki & Cheung 2011) . As for PAT, the larger misfit at station PB04 (30 per cent) might be related to inaccurate modelling of the tsunami at this latitude.
For stations deep inland such as PSG, HMB, PB07 and PB05 (more than 15 km away from the sea), the effect of near-coastal effects becomes negligible and the tilt is controlled by the wellmodelled long wavelengths of the tsunami (see black arrows in Fig. 15a ).
The first 2 hr of the tilt direction, plotted in a stereoscopic view in Fig. 15b , show an elliptical pattern, mainly oriented WSW-ENE. The tilt polarization of the first 20 min at PSG and HMB is more towards S-SW, compatible with a positive oceanic load propagating from the south. This early rotation is, however, not apparent at PAT, this may be due to its proximity to the coast and its sensitivity to near-shore complexity of the water level. We remark that although the bulk of the tsunami propagation is towards North (Fig. 15a) , the dominant average tilt does not point perpendicular to it (i.e. EW) as would be expected from a simple 1-D propagation. The slight but persistent tilt towards SSW, even for later arrivals (see Fig. 15b ), can be explained by a reduction of the tsunami amplitude and its dilution towards west in the ocean, during its northward propagation, reducing the effect of the ocean loads located more to the north. Thus, these observations do not corroborate the assertion by Yuan et al. (2005) and Nawa et al. (2007) that the maximum tilt is directed in the orthogonal direction to the coast, probably because these authors used stations located very close to the coast (a few hundred metres to a few kilometres).
D E C AY O F T I LT S I G N A L W I T H D I S TA N C E T O T H E C OA S T
The records of the three broadband stations nearest to Iquique, PAT, PSG and HMB (Fig. 13) show that the tilt amplitudes decrease with the distance to the coast, with amplitude varying by a factor of 3-4 between 3 and 26 km, thus consistent with a tilt loading source offshore. The GEOFON LVC station, equipped with an STS1 seismometer, is the most distant, located at about 137 km from the coast. It does not show any low-frequency signals around 1 hr period (Fig. 13) , which is consistent with our Figure 13 . Comparison of recorded and modelled tilt at the STS2 (IPOC/CNRS) sites for the Maule 2010 earthquake. We plot 16 hr of observed (solid black) and modelled (red dotted line), for the EW and NS components of the STS2 from the IPOC/CNRS sub-array and of the STS1 from LVC (GEOFON array) (reference site far away from the coast). Data have been deconvolved from instrument response and filtered between bandpass filtered from 800 s to 3 hr. The model is calculated from the ocean load and the gravitational attraction of the displaced water mass. The distance to the coast is indicated below the name of each station. The tsunami has a well-resolved modelled tilt signature of about 10 to 60 nrad p.p., correctly modelled for the first hours (except for PAT, which is closest to the coast). It is at the noise level for LVC. interpretation of a tsunami-induced signal at the other sites, much closer to the sea. LVC can thus be considered as a reference station, unperturbed by the tsunami-induced tilt: therefore, the long-lasting, shorter period signals at LVC (dominant period 600 s) must be of seismic origin. This is confirmed by the fact that they are very similar, in amplitude and phase, to the signals recorded at the other seismic stations of the IPOC array, as shown in more detail in Appendix B. This effect explains part of the discrepancies observed between the tidal records and the tilt records (STS2 and LBTs) reported above (Figs 6 and 8).
D E T E C TA B I L I T Y O F T H E M AU L E T S U N A M I O N T H E V E RT I C A L A C C E L E R AT I O N O R O N T H E D I S P L A C E M E N T
We presented above the clear detection and correct modelling of the tsunami-induced horizontal acceleration. We now investigate the possibility of detecting the tsunami on the vertical acceleration of broadband seismometers or gravimeters. We also investigate the horizontal and vertical components of cGPS.
To model the vertical component of gravity, we introduce: (1) the direct gravitational vertical effect, which is mainly horizontal (Fig. 11a) , (2) the change in earth gravity due to the vertical displacement (Fig. 16, left) , which is the dominant effect, (3) the inertial vertical acceleration and (4) the effect of the density variation in the Earth. The resulting effect in vertical acceleration is plotted versus time (Fig. 16, right) , at the latitude of PAT, for various distances from the coast. It shows a rapid decay of the signal with this distance.
For comparison with data, we select the favourable case of PAT the seismometer situated nearest to the coast. Fig. 17 , left, shows the recorded vertical acceleration component (solid black line) and the modelled one (dotted red line). Despite the large seismic noise, there is a weak but significant correlation between data and synthetics, in phase, with predicted amplitude slightly smaller than the recorded one. The synthetic gravity signal reaches 0.5-1 µgal, which would be barely detectable with an absolute gravimeter FG5 or A10, which has a resolution of 1 µgal. Superconducting gravimeters, with a resolution of some nanogals, would enable its detection.
The difficulty for detection also arises from the large noise amplitude on the vertical component. The analysis of the vertical signal at LVC, far from the coast, thus unperturbed by the tsunami effects, shows the same noise level, in the 800 s to 3 hr period range, which is then clearly identified as seismic noise dominated by normal modes. A last difficulty is the instability of gravimeters during strong shaking producing spurious jumps in the data which can contaminate later signal when low-pass filtered.
The vertical displacement on the coastline is modelled in Fig. 16(a) . It reaches a maximum value of 1.5 mm, which is barely above the noise level of the best processed GPS records and hence is not detectable by this type of instruments. We remark that the horizontal displacement is typically three times smaller, ∼0.5 mm (see Fig. A1, left) , so that the GPS record would not resolve the horizontal motion either, at this level of amplitude (Elosegui et al. 2006) . Elosegui found that the root-mean-square error of the 1-Hz GPS position estimates over the 15-min duration of the simulated seismic event was 2.5 mm, with approximately 96 per cent of the observations in error by less than 5 mm.
Thus, one can infer from this modelling that tsunami amplitudes five times larger than what is observed for Maule, typically about 2 m, would be at the limit of theoretical detection on coastal GPS and near-coastal gravimeters.
0 D E T E C TA B I L I T Y A N D M O D E L L I N G O F T H E E A R LY P H A S E O F T H E T S U N A M I -I N D U C E D T I LT
We demonstrated above, on the Maule records, that one could accurately model the recorded horizontal acceleration and tilt load signal of tsunami water masses. In particular, from the eqs (3) and (6), it can be shown that water loads located hundreds of kilometres away can produce a detectable tilt signal. For example, a sea level rise of 50 cm uniformly distributed on a rectangular surface of 100 km (EW) by 500 km (NS), with its closest edge being located 100 km W from the coast, produces a tilt larger than 10 −8 rad at the coast. The resolution and stability of the tilt and seismometer stations being equivalent to 10 −9 rad at periods up to several hours, one should observe the load effect before the related tsunami waves reach the coast close to the monitoring site.
The main difficulty comes from the disturbing effect of the seismic waves generated by the seismic rupture. As an example, on the broadband station of Pisagua, the amplitude of the unfiltered seismic acceleration record is 1000 times larger than the amplitude of the tsunami signal (zooms in Figs 18a and b) . However, on the unfiltered LBT records, the seismic noise is five times weaker than the signal resulting from the tsunami (see Figs 6a and b) , because the long water tube acts as a low-pass mechanical filter (Boudin et al. 2008) .
Other sources of difficulties for identifying the tsunami are the various low-frequency signals due to Earth tides, barometric pressure and temperature. The earth tides can be quite accurately predicted, or, being periodic, simply adjusted (in the present study, we use the ETERNA3.3 software, Wenzel 1996) . The thermal and pressure effects are more difficult to model, as the transfer functions may have frequency dependence, but they are expected to have dominant periods of a few hours or more, outside the range relevant for tsunamis.
In all the cases, the LBT is more stable and less sensitive to the local perturbations described above than the short-base instruments-including the STS2 (Agnew 1986; Boudin et al. 2008; Longuevergne et al. 2009 ). This can be checked at the time of the tsunami of Tocopilla (Fig. 5 and part 3) .
In order to reduce these low-frequency perturbations, the results presented above (Figs 12-14) use a zero-phase acausal, symmetric bandpass filter between 800 s and 3 hr. But this filter produces small, spurious energy arrival related to the low-frequency cut-off of the filter, which could alter our analysis of the earliest phase of the tsunami signal. To avoid this effect, in the following, we only low-pass filter the signal at 800 s, which suppresses detectable forrunners (an alternative way would be to use causal filtering, which, for the present case, produces the same result as the tsunami energy around 800 s is negligible). We checked on the records that this filter does not affect the low-frequency observations of the tsunami at The Australian National University on April 2, 2014 http://gji.oxfordjournals.org/ Downloaded from (Fig. 18c) and, in particular, does not modify the phases of the tilt. We have applied this low-pass filter on the 1 Hz tilt record (blue curve in Fig. 18b ) and find that it efficiently removes the seismic noise.
For the LBT, the sampling rate is much smaller, 1 pt/30 s. Although this sampling rate is well adapted to the low-pass filtering effect of the viscous water flow in the tube (characteristic eigenperiod of a few minutes), it is not able to filter out the various liquid and solid resonance effects, at frequencies of a few to several Hz, of the measuring vessels at both ends of the water tube, which results in aliasing effects with spurious long-period signals, especially during seismic shaking. A sampling rate of 100 Hz, on trigger during the many hours of the seismic and tsunami event, would allow a more efficient filtering without aliasing effects.
Another problem arises when high-pass filtering, due to the spurious phase appearing at the time of the main seismic waves (see, e.g. Figs 8d and 9e ). All broadband stations show the same spurious signal after filtering, except the EW component at Pisagua (see Fig. 13c ). We believe that this is due to a step or ramp within the seismic signal, caused by a mechanical instability of the seismometer at the contact point to the ground, or on the surface rock layer. Thus, such effects might be avoided or reduced during the installation phase by the selection of stable, unfractured bedrock and the careful coupling of the instrument to it.
To avoid the difficulty above, we have worked on the unperturbed EW Pisagua component. The signal corrected from earth tides is plotted in Fig. 18b , right (solid line). We can compare it to the model calculated from the tsunami load (red dotted curve) in Fig. 18(b) , and find an excellent fit for the first half period (about 30 min) of tsunami signal. For later times, both curves progressively diverge: Although the tsunami component at 1 hr period remains very similar on data and synthetics, a longer period, unmodelled signal appears in the data, possibly due to thermal or pressure effect. We plotted the records of the tide gauge of Iquique harbour (black dotted curve) on the same Fig. 18(b) , which clearly shows that the tsunami-induced tilt signal at Pisagua starts about 15 min before the tsunami record at tide gauge, although the latter is located at 70 km to the south of the Pisagua station, a priori favouring an earlier detection. One can estimate the additional delay time, for the tsunami propagation, between the latitude of Iquique and that of Pisagua to be of the order of 7-9 min. This leads to an advanced time of 22-24 min for the detection of the tsunami at Pisagua, with respect to the arrival time of the tsunami on the shore line at the latitude of Pisagua. Such an early detection of tsunamis with tilt records could be used to improve tsunami warning systems.
T S U N A M I S I M U L AT I O N F O R A P O S S I B L E M E G AT H RU S T E A RT H Q UA K E I N S O U T H E R N P E RU
One may consider a scenario with a future megathrust earthquake with the same magnitude and location as the 1877 Iquique earthquake (Mw8.8), but its source, along the northern coast of Chile, would be in the immediate proximity of the tilt array. The tsunami would thus arrive at the coast only a few to 10 min after the start of the earthquake, and the tilt signals due to oceanic loading would be covered by the expectedly much larger tilt signals due to the seismic source (long-period waves and near-field terms). The present tilt array would thus not contribute to detect and constrain such a tsunami event. But an earthquake source like that of the 1868 southern Peru (Mw8.8) is much further away from the considered Northern chilean array, and the related tsunami might arrival well after the perturbing seismic waves. In order to illustrate further the feasibility to detect this tsunami, we thus assume a plausible seismic source scenario with a magnitude Mw = 8.8 earthquake rupturing the interplate contact between Arequipa (Peru) and Arica (Chile) (rectangle in Fig. 19 ). In this scenario, the seismic source is much closer (400 km) to the instruments than in the case of the 2010 Maule event (1800 km). The slip on the fault is taken identical to that used for the Maule event, and the resulting tsunami is modelled with the same method and using the same bathymetric grid as for Maule. The detection test is achieved at the LBT site of Neuquen, close to Iquique. We selected this site because this instrument, continuously recording at 1 Hz, has the best stability among all the other IPOC sites presented in this paper, with negligible sensitivity to pressure and temperature at periods of minutes to hours, and no expected non-linear behaviour (steps) related to moderate shaking. In order to include a realistic main shock seismic signal to the modelled tilt, we simply scaled the Maule acceleration record at station Pisagua by a factor of 2 (representing a very conservative correction for distance effect) and added it to the tsunami-induced synthetic tilt. The resulting synthetic tilt is plotted in Fig. 20 , together with the modelled sea level at Iquique. The first sea wave reaches a maximum of 3.5 m, corresponding to a maximum tilt 0.2 µrad. The main result is that the tilt signal, low-pass filtered at 800 s, is detectable 12 min before the tsunami reaches the coast at the same latitude. This delay is shorter than for the observed Maule tsunami, mostly due to the shorter wavelength of the first upward motion in this scenario. elastic tilt response to surface loading; (2) a horizontal, gravitational attraction by the water mass and (3) an inertial horizontal acceleration. As explained in Appendix A, these effects at the period of 1 hr are in a proportion of approximately 80, 20 and 1 per cent, respectively. At shorter periods, which might be observed for tsunamis generated by smaller offshore sources, the contribution of the inertial acceleration term may be larger, as it is proportional to the square of the frequency, and hence should not be neglected in the simulations.
This tilt effect rapidly decays with distance to the coast, as evidenced by the data and our modelling, but for a given sea level height, the controlling geometrical factor is not only the distance from the site to the coast, but also the extent of the tsunami offshore (size of the loading source). Consequently, one cannot provide a simple rule relating the near-coast oceanic water level to the tilt observed on land, when the spatial extend-or weight-of the tsunami is not well known. However, when the offshore width of the loading area becomes much larger than the distance from the recording site to the coast, the tilt sensitivity to sea level must become less dependent on this offshore width. This is indeed observed for the sensitivity of the Neuquen tilt records to the Iquique tide gauge records for the Maule and the Tocopilla events, and also on the synthetics records computed for a southern Peru earthquake scenario. In the three cases, we find a tilt of 0.005-0.01 µm at 7 km from the coast in response to a sea level amplitude of 10 cm at the coastline. The tilt decays by a factor of 2 or 3 at 30 km from the coast.
With such sensitivity, LBTs and broadband seismometers located within a few tens of kilometres from the coast appear as very powerful instruments for recording, analysing and modelling tsunamis. Moreover, LBTs are less sensitive to the local strain perturbations from pressure and temperature changes.
A particularly interesting feature is the averaging property of such measurements, over oceanic distances expected to scale with the site-to-coast distance, which thus eliminates local, short wavelength fluctuations (locally recorded by tide gauges), often difficult to model. This provides a robust, spatially smoothed image of the oceanic gravity wave. Optimal distances for such in-land 'weighting' of tsunamis could be in the range of 5-15 km, to allow spatial smoothing while keeping a reasonably high sensitivity.
An additional, very valuable advantage of this remote weighting of tsunamis, with respect to direct sea level measurements on the coast, is their safety with respect to potential tsunami destructions along the coast and their absence of saturation even for the largest run-ups.
We showed above that gravimeters and continuous GPS, although less sensitive, might detect large tsunamis (>2 m) when installed very near to the coast. We can add here that borehole strainmeters, often more sensitive and stable than borehole tiltmeters at the periods of minutes to hours, can provide similar, if not better, information on short-period sea level changes. For instance, the 1 cm amplitude of free oscillations of the surface of the gulf of Corinth, in Greece, in the period range of 10-40 min, provides elastic strain signals of 10 −8 on the 150 m deep strainmeter of the Trizonia island (located on the coastline), more than 10 times above the noise level (Bernard et al. 2004) . The increasing number of broadband seismometers, sometimes completed with high-resolution tiltmeters and borehole strainmeters, covering the first tens of kilometres along coastlines may thus provide very valuable records for studying tsunamis, in complement to tide gauges. In case of absence or failure of tide gauges, they may also help study past tsunamis since the 1980s, when new, high-resolution digital seismic instruments began to be deployed.
An important application to be carefully investigated in future studies concerns the early detection of the tsunami arrival, before it reaches the monitored coastal region. Based on the observation for the Maule event and on a realistic simulation for an event in southern Peru, we showed that it is indeed possible to detect a large tsunami wave (1 m high and more) 10-20 min before its arrival at the coastal site of interest, with instruments having a resolution level of 10 −9 -10 −8 radians in tilt (equivalent to 10 −8 -10 −7 m s −2 in horizontal acceleration) in the period range of minutes to hours. Incidentally, due to their lower noise level in this range, LBTs may provide more appropriate records than standard borehole tiltmeters (Boudin et al. 2008) . Correlating and modelling tilt records at various sites along the coast may thus constrain the locations, extent and amplitude of tsunamis. However, this will require careful studies, as the perturbing effect of the seismic waves from the main shock should be carefully identified and eliminated from the records through adequate filtering and windowing.
In conclusion, the analysis and successful modelling of LBTs and broadband seismometers records of large tsunamis in northern Chile has demonstrated the ability of near-coast instruments to weight and constrain tsunami gravity waves. The latter have a typical influence, 5 km inland, of the order of 10 −8 rad for 10 cm of sea level change. The physical mechanism that produces the tilt appears to be dominated by elastic deformation due to oceanic loading, but the gravitational attraction and to a lesser extent horizontal inertial acceleration can contribute to more than 20 per cent of the signal. Consequently, such measurements may contribute to feed inversion of tsunami data, and thus may help constraining sources of past and future tsunamis. Our analysis also shows the potential of this approach for contributing to the possible detection and quantification of an incoming, large tsunami 10-20 min before it reaches the coast nearest to the monitoring instrument.
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